Over time, memory retrieval is thought to transfer from the hippocampus to a distributed network of neocortical sites. Of these sites, the retrosplenial cortex (RSC) is robustly activated during retrieval of remotely acquired, emotionally valenced memories. It is unclear, however, whether RSC is specifically involved in memory storage or retrieval, and which neurotransmitter receptor mechanisms serve its function. We addressed these questions by inhibiting NMDARs in RSC via infusions of APV before tests for context fear in mice. Anterior cingulate cortex (ACC) and dorsal hippocampus (DH), which have been implicated in the retrieval of remote and recent memory, respectively, served as neuroanatomical controls. Surprisingly, infusion of APV only into RSC, but not ACC or DH, abolished retrieval of remote memory, as revealed by lack of freezing to the conditioning context. APV infused into RSC also impaired retrieval of recent memory, but had no effect on conditioning or memory storage. Within-subject experiments confirmed that the role of RSC in memory retrieval is not time limited. RSC-dependent context fear memory retrieval was mediated by NR2A, but not NR2B, subunit-containing NMDARs. Collectively, these data are the first demonstration that NMDARs in RSC are necessary for the retrieval of remote and recent memories of fear-evoking contexts. Dysfunction of RSC may thereby contribute significantly to the reexperiencing of traumatic memories in patients with posttraumatic stress disorder.
Introduction
Anxiety disorders such as posttraumatic stress disorder (PTSD) are characterized by retrieval of fear-evoking, trauma-related memories that can persist for decades after a traumatic event (Solomon et al., 2009) . Although much has been learned about hippocampal mechanisms of memory storage and retrieval, far less is known about the role of cortex in recent memory functions or long after learning has occurred. It is thought that memory retrieval, initially reliant upon hippocampal mechanisms, shifts over time to a distributed network of cortical sites (Squire et al., 2004) , but the individual contributions of different cortical regions, and the mechanisms that serve their functions, are not well understood.
In support of a role of the retrosplenial cortex (RSC) in learning, episodic memory, and emotional behavior, human studies have revealed increased RSC activity during retrieval of remote spatial (Rosenbaum et al., 2004) and autobiographical (Steinvorth et al., 2006) memory in healthy subjects, and traumatic memories in PTSD patients (Piefke et al., 2007) . Lesion studies in rodents support a role for RSC in memory (Haijima and Ichitani, 2008; Keene and Bucci, 2008a,b; Aggleton, 2010) ; however, a causal role for RSC in memory retrieval, and the neurotransmitter mechanisms involved, are not known.
In contrast to hippocampal mechanisms of memory retrieval, which predominantly depend on AMPA receptors (AMPARs) (Izquierdo et al., 1997) , various cortical regions also rely upon NMDARs (Barros et al., 2000) . We therefore tested the effects of NMDAR blockade in RSC on context fear memory retrieval as compared to NMDAR blockade in anterior cingulate cortex (ACC) and dorsal hippocampus (DH), which have been implicated in the retrieval of remotely and recently acquired memories, respectively (Anagnostaras et al., 1999; Frankland et al., 2004) . We demonstrated that RSC NMDARs, specifically those containing the NR2A subunit, are necessary for the retrieval of remote and recent memories of fear-evoking contexts, but not for fear conditioning, memory storage, or performance of fear responses.
Materials and Methods
Subjects. Nine-week-old male C57BL/6N mice obtained from a commercial supplier (Harlan) were used in this study. Mice were individually housed in a facility on a 12/12 h light/dark cycle (lights on at 7 A.M.), and allowed ad libitum access to food and water. All procedures were approved by Northwestern University's Animal Care and Use Committee in compliance with National Institutes of Health standards.
Surgery. Mice were anesthetized with Avertin (1.2%) and implanted with double 26 gauge guide cannulas (Plastics One) aimed at RSC (1.8 mm posterior, Ϯ0.4 mm lateral, 0.75 mm ventral to bregma), ACC (1.3 mm, Ϯ0.4 mm, 0.75 mm), or DH (1.5 mm, Ϯ1.0 mm, 2 mm). Mice were allowed at least 72 h to recover from surgery before behavioral procedures.
Infusions. Intracerebral infusions were made using 28 gauge injectors that extended 1 mm beyond the end of the guide cannulas. NMDAR blockade was achieved via infusion of the NR2 antagonist APV (10 g/l in aCSF; Sigma), the NR2A-preferring antagonist NVP-AAM007 (NVP; 1 g/l in aCSF; Novartis) or the NR2B-specific antagonist RO25-6981 (Ro; 2 g/l in 10% DMSO; Sigma). AMPA receptor blockade was achieved via infusion of CNQX (0.7 g/l in 20% DMSO; Tocris Bioscience). Infusions were made into RSC or ACC at a rate of 0.64 l/min for 15 s, for a total volume of 0.16 l/side, and into DH at a rate of 0.8 l/ min for 15 s, for a total volume of 0.2 l/side. All drug and vehicle (Veh) infusions were made 15 min before placing the mice in the conditioning chamber for training or behavioral testing.
Fear conditioning. Fear conditioning took place in context A, a 35 ϫ 20 ϫ 20 cm Plexiglas chamber with a stainless steel rod floor (4 mm diameter, 0.9 cm center to center), in a soundattenuating cabinet with black inner walls (TSE), and was cleaned after each mouse with 70% ethanol. On day 1, mice were placed in the chamber and, 3 min later, presented with a tone (30 s, 75 dB, 10 kHz, pulsed at 5 Hz) followed by a footshock (2 s, 0.7 mA, constant current). Mice were tested for fear to the conditioning context by returning them to this chamber for 3 min tests. Testing for fear to the tone occurred in context B, a novel context comprised of an equally sized, tinted Plexiglas chamber with a solid white plastic floor, situated in a white sound-attenuating cabinet and cleaned with 1% acetic acid.
Data collection and analysis. Freezing during tests for context fear was scored every 5 s by a trained observer blind to the experimental conditions, and expressed as the percentage of the total number of observations that the mice remained motionless. Freezing to the tone CS was scored every 3 s. Locomotor activity in the form of infrared beam crosses was collected automatically. Group differences were determined using ANOVA or Student's t tests. Post hoc comparisons were made using Scheffé tests. Mice that froze Ͻ15% during drug-free tests were not included in the final analyses. Verification of cannula placements was made from coronal sections through RSC, ACC, or DH.
Results
NMDARs in RSC are necessary for retrieval of remote context fear memories We first examined the role of NMDARs in RSC, as compared to DH and ACC, in the retrieval of remotely acquired memory 35 d after conditioning. The experimental procedure is illustrated in Figure 1A . On day 36, infusion of APV into RSC drastically reduced freezing to the conditioning context ( Fig.  1 B, right) . ANOVA revealed significant main effects of infusion (F (1,23) ϭ 6.14, p ϭ 0.02) and test day (F (1,23) ϭ 7.94, p ϭ 0.01), and a significant infusion by test day interaction (F (1,23) ϭ 25.67, p Ͻ 0.001). Post hoc tests revealed that the APV group froze less on day 36 than during their drug-free test the previous day, and less than the Veh group on day 36 (p Ͻ 0.001). Thus, NMDARs in RSC are necessary for the retrieval of remotely acquired context fear memories.
In contrast, APV infused into DH or ACC had no effect on context fear retrieval. For DH-infused mice ( Fig. 1 B, left) , ANOVA revealed no main or interaction effects (Fs Յ 2.25; ps Ն 0.2). Post hoc tests revealed no differences in freezing by the APV group from day 35 to day 36 (p ϭ 0.5) or between APV and Veh groups on day 36 (p ϭ 0.3). For ACC-infused mice ( Fig. 1 B, center), ANOVA revealed no main or interaction effects (Fs Յ 2.15; ps Ն 0.15). Post hoc tests revealed no differences in freezing by the APV group from day 35 to day 36 (p ϭ 1.0) or between APV and Veh groups on day 36 (p ϭ 0.1). Thus, contrary to RSC, NMDARs in DH and ACC are not necessary for the retrieval of remotely acquired context fear memories.
The drug-free test on day 35 may have initiated the formation of a new memory trace, such that even our tests performed on day 36 could have been tests for recently formed memories. To address this issue, mice were conditioned, tested on day 2 drug free, and returned for a remote memory test on day 36 after intra-RSC infusions of APV or Veh (Fig.  1C,D) . ANOVA revealed a significant main effect of infusion (F (1,10) ϭ 5.87, p ϭ 0.036) and a significant infusion by test day interaction (F (1,10) ϭ 6.52, p ϭ 0.029), but no main effect of test day. Post hoc tests revealed that the APV group froze significantly less than the Veh group on day 36 (p Ͻ 0.04). These data confirm that the freezing deficits observed following RSC NMDAR blockade result from a specific inability to retrieve the remotely acquired context fear memory. Infusion of APV into DH (APV: n ϭ 8; Veh: n ϭ 8; left) or ACC (APV: n ϭ 16; Veh: n ϭ 18; center) had no effect, whereas infusion of APV into RSC (APV: n ϭ 13; Veh: n ϭ 12; right) reduced freezing to the conditioning context. C, Experimental design for experiment in D. D, RSC APV blocks remote context fear memory retrieval even when no reminder test is given the day before (APV: n ϭ 6; Veh: n ϭ 6). Arrows indicate infusions. *p Ͻ 0.001. E, Cannula placements in DH (left), ACC (center), and RSC (right). The photomicrographs show cresyl violet-stained coronal sections with representative cannula placements in each region. Illustrated below those are the locations of cannula placements in each region. Atlas templates adapted from Paxinos and Franklin (2001) .
NMDARs in RSC are necessary for retrieval of recent context fear memories but not fear learning or storage
We next examined whether RSC NMDARs exclusively mediate the retrieval of remote memory or also contribute to fear conditioning and recent memory retrieval. To determine whether RSC NMDARs are involved in fear conditioning, APV or Veh was infused into RSC before training. During a drug-free test the following day, there was no difference in freezing levels between the two groups (t (1,25) ϭ 2.33; p ϭ 0.14) (Fig. 2 A) . Thus, RSC NMDARs are involved in the retrieval, but not formation, of context fear memory.
RSC has previously been shown to be necessary for retrieval of recent context fear memory (Keene and Bucci, 2008a,b) . We therefore examined whether this role for RSC also depends on NMDARs. The experimental procedure is illustrated in Figure  2 B. On day 3, infusion of APV into RSC drastically reduced freezing to the conditioning context (Fig. 2 B) . ANOVA revealed a significant infusion by test day interaction (F (2,20) ϭ 6.49, p ϭ 0.007); all other effects were nonsignificant. Post hoc tests confirmed that the APV group froze significantly less than the Veh group only on day 3 (p ϭ 0.005). These data demonstrate that RSC NMDARs are also necessary for the retrieval of recent context fear memory. Moreover, NMDAR blockade in RSC does not disrupt memory storage, as freezing levels returned to normal during a subsequent drug-free test.
To determine whether RSC is preferentially involved in the retrieval of recent versus remote context fear memories, we used a within-subjects design in which mice were conditioned in context A on day 1 (remote) and in context B on day 34 (recent). On day 35, mice were tested for fear to both contexts (tests were separated by 5 min; order of context presentation was counterbalanced) (Fig. 2C, left) . On day 36, mice were infused with APV or Veh (Fig. 2C, right) before a second test in each context. ANOVA revealed a significant main effect of infusion (F (1,16) ϭ 18.48, p Ͻ 0.001); all other effects were nonsignificant. Post hoc tests indicated that the APV group froze significantly less than controls during both recent and remote tests (ps Ͻ 0.001). Thus, NMDARs in RSC are equally necessary for the retrieval of recently and remotely acquired context fear memories.
NMDAR blockade in RSC does not affect performance of freezing behavior
Rather than disrupting fear memory retrieval, APV could have caused hyperlocomotion or a general inability of mice to perform the freezing response. We addressed these possibilities by measuring locomotor activity, freezing to a tone CS, and postshock freezing during a multiple-shock context conditioning session. Before tone and shock presentation on day 1, mice in the APV and Veh groups had similar locomotor activity (Fig. 3A) . During testing on day 3, APV-infused mice froze significantly less than controls, replicating the results of the previous experiment (data not shown), and were significantly more active than controls (t (1,15) ϭ 6.38; p ϭ 0.02). Importantly, activity on day 3 in the APV group was not significantly different from day 1, when they were exposed to the context drug-free before receiving any footshock (t (1,8) ϭ 0.15; p ϭ 0.71), suggesting that blockade of NMDARs in RSC did not cause hyperlocomotion.
Following this test, we examined whether NMDAR blockade in RSC prevents mice from being able to freeze. Mice were redivided into two groups matched for freezing on day 3, and on day 4, they received infusions of APV or Veh before testing in a novel context (context B) for fear to the tone CS (Fig. 3B) . Mice in the APV group froze less during the 3 min pretone period (t (1,15) ϭ 2.66; p ϭ 0.01), but there was no difference between the groups in freezing during the tone (t (1,15) ϭ 1.26, p ϭ 0.12). These results suggest that NMDAR blockade in RSC does not cause a general impairment in freezing behavior.
Finally, APV could have specifically impaired freezing to a context. To rule this out, we examined the effect of APV on postshock freezing. APV or Veh were infused before a single conditioning session consisting of five footshocks (Fig. 3C) . Freezing was measured for 3 min before the first shock, during the 60 s intervals between shocks, and for 60 s after the final shock. ANOVA revealed a main effect of postshock minute, due to the progressive increase in freezing after each shock (F (5,50) ϭ 14.72; p Ͻ 0.001); all other effects were nonsignificant, indicating no difference in freezing between APV-and Veh-infused mice. Collectively, these data demonstrate that blockade of NMDARs in RSC prevents the retrieval of context fear memories without affecting motor behavior or the ability of mice to perform the freezing response.
NR2A-but not NR2B-containing NMDARs or AMPARs mediate RSC-dependent context fear retrieval
We previously demonstrated that hippocampal NR2A and NR2B subunit-containing NMDARs are differentially involved in con- Figure 2 . A, NMDARs in RSC are not necessary for context fear learning. Mice were infused with Veh (n ϭ 10) or APV (n ϭ 17) before context conditioning. The following day, there was no difference in freezing levels to the conditioning context. B, NMDARs in RSC are necessary for retrieval of recent context fear memory. APV infusions into RSC reduced freezing to the conditioning context on day 3. When the mice were returned to the conditioning context drug-free (day 4), freezing levels returned to normal (APV: n ϭ 6; Veh: n ϭ 6). C, RSC is equally involved in recent and remote memory retrieval. In a within-subjects experiment, infusion of APV into RSC reduced freezing to contexts in which conditioning had occurred 1 d (Recent) and 36 d (Remote) prior (APV: n ϭ 9; Veh: n ϭ 9). Arrows indicate infusions. *p Ͻ 0.04. text fear conditioning (Gao et al., 2010) . We therefore used the NR2A-preferring and NR2B-selective antagonists NVP and Ro to determine the contribution of individual NR2 subtypes to retrieval of recent and remote context fear memory retrieval. We also tested the specificity of our findings for NMDA versus other glutamate receptors with the AMPAR antagonist CNQX. Infusion of NVP, but not Ro, dramatically reduced freezing during recent context fear memory testing (Fig.  4 A, left) . ANOVA revealed main effects of infusion (F (2,20) ϭ 5.15, p ϭ 0.02) and test day (F (1,20) ϭ 20.45, p Ͻ 0.001), and an infusion by test day interaction (F (2,20) ϭ 33.97, p Ͻ 0.001). Post hoc tests revealed that only the NVP group froze less on day 3 than on day 2, and less than the other two groups on day 3 (ps Ͻ 0.001). CNQX had no effect (Fig. 4 A, right) . Similarly, infusion of NVP, but not Ro, reduced freezing during remote context fear memory testing (Fig. 4 B, left) . ANOVA revealed no main effect of infusion, but a significant main effect of test day (F (1,17) ϭ 27.53, p Ͻ 0.001) and an infusion by test day interaction (F (2,17) ϭ 13.29, p Ͻ 0.001). Post hoc tests revealed that only the NVP group froze less on day 36 than on day 35, and less than the other two groups on day 36 (ps Ͻ 0.01). Again, CNQX had no effect (Fig.  4 B, right) . Thus, context fear memory retrieval by RSC is specifically dependent upon NR2A subunit-containing NMDARs, but not NR2B or AMPARs.
Discussion
We demonstrate that NMDARs in RSC are essential for the retrieval of both recent and remote memories. This role of RSC is particular for memory retrieval, but not consolidation or storage, and relies specifically on the activity of NR2A subunit-containing NMDARs, but not NR2B or AMPARs. This was a surprising finding, in that it lies in perfect contrast to the effects of blocking hippocampal NMDARs, which disrupts the acquisition and consolidation, but not retrieval, of context fear conditioning (Quinn et al., 2005; Matus-Amat et al., 2007) , and AMPARs, which impairs retrieval (Bast et al., 2005) . Different contributions of glutamate receptors may underlie the different nature of cortex-dependent versus hippocampus-dependent memory retrieval: hippocampal mechanisms yield vivid and detailed memories, whereas cortical retrieval is thought to be "fuzzier" and more generalized (Winocur et al., 2010) .
RSC NMDAR antagonism could have caused a number of effects other than disrupted memory retrieval, such as impaired memory consolidation or sensory-motor function, erasure of the memory trace, or an inability to express fear responses. However, we are able to rule these possibilities out because (1) preconditioning APV infusion had no effect on freezing the following day ( Fig. 2A) , indicating normal sensory-motor function and memory consolidation; (2) 24 h after APV infusion, freezing was normal during drug-free tests (Fig. 2B) , suggesting intact memory storage; and (3) APV failed to prevent freezing to a tone or during a multiple-shock conditioning session (Fig. 3B,C) , ruling out a behavioral deficit. Moreover, normal freezing during a drug-free test the day after APV infusion ( Fig.  2B) indicates that other memory processes, such as reconsolidation and extinction, were unaffected by RSC NMDAR blockade.
The standard model of memory storage posits that extrahippocampal sites including the neocortex are preferentially involved in remote memory retrieval (Frankland and Bontempi, 2005) . In support of this model, inactivation (Frankland et al., 2004) or DNA demethylation (Miller et al., 2010) of ACC and lesions of secondary sensory cortices (Sacco and Sacchetti, 2010) disrupt remote memory but leave recent memory intact. Given the predominant and expansive activation of cortical areas by remote versus recent memory retrieval (Frankland and Bontempi, 2005) , one would therefore expect that focal cortical manipulations (1) would not affect the retrieval of recent memories; and (2) would be insufficient to significantly disrupt remote memory. Unexpectedly, we demonstrate that discrete, reversible antagonism of NMDARs in RSC is sufficient to disrupt context freezing during both recent and remote memory tests. Pharmacological inactivation of medial prefrontal cortex (Blum et al., Figure 3 . NMDAR blockade in RSC does not affect locomotion, tone fear, or freezing behavior. A, Infusion of APV into RSC prevented the conditioning-induced decrease in locomotion, but did not cause hyperlocomotion, as activity during testing in the conditioning context was similar to preconditioning levels (APV: n ϭ 9; Veh: n ϭ 8). B, Infusion of APV into RSC did not prevent freezing to a tone CS in a novel context (APV: n ϭ 8; Veh: n ϭ 9). C, Infusion of APV into RSC does not block postshock freezing (APV: n ϭ 6; Veh: n ϭ 6). Arrows indicate infusions. *p Յ 0.02. A, Retrieval of recent context fear memory was blocked by infusion of the preferential NR2A antagonist NVP, but not the specific NR2B antagonist Ro (NVP: n ϭ 8; Ro: n ϭ 8; Veh: n ϭ 7; left), or the AMPAR antagonist CNQX (CNQX: n ϭ 8; Veh: n ϭ 7; right). B, Remote fear memory retrieval was similarly disrupted by NVP, but not Ro (NVP: n ϭ 6; Ro: n ϭ 6; Veh: n ϭ 7; left) or CNQX (CNQX: n ϭ 7; Veh: n ϭ 8; right).
2006; Leon et al., 2010; cf. Frankland et al., 2004) and lesions of perirhinal and postrhinal cortices (Burwell et al., 2004) produced similar effects. These cortical regions may thus serve as nodal points for time-independent memory retrieval.
Several recent studies using sodium channel blockade, which eliminates all neural activity, have identified a role for ACC in remote memory (Bontempi et al., 1999; Frankland et al., 2004) , but the NMDAR blockade used in our study was ineffective. This suggests that remote memory mechanisms in ACC either use different glutamate receptors than RSC, or other neurotransmitters altogether. Interestingly, NMDARs in ACC and RSC also differ with respect to their roles in memory formation: whereas NR2B in ACC are necessary for context fear conditioning (Zhao et al., 2005) , neither NR2A nor NR2B in RSC is involved.
The time-independent role for RSC in retrieval of context fear memories suggests that dysfunction in this region may contribute to the persistence of fear and anxiety that is the hallmark of PTSD. Additionally, RSC is among the first areas of the brain to show metabolic decline, in the absence of overt neuropathology, in both mild cognitive impairment and Alzheimer's disease (Minoshima et al., 1997) . RSC may therefore provide a useful target for pharmacotherapeutic treatments for anxiety disorders as well as aging-related cognitive decline.
